been only recently thoroughly studied. It has been called paradoxical hypertension [1] because it occurs during ultrafiltration (UF) [2, 3] and can be referred to as intradialytic hypertension (IDH). Many hypotheses have been proposed to explain this phenomenon ( table 1 ) . However, recent studies and reports allow this table to be simplified. This review focuses on the recent evidence regarding the pathophysiology of this phenomenon, proposes therapy based on this new knowledge and offers research hypotheses for the remaining unanswered questions.
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Nephron Clin Pract 2010;115:c182-c188 c183 is high and then becomes even higher during the usual hourly BP check and at the dialysis disconnection. This BP rise may be very severe with an impressive hypertension crisis. IDH often happens in patients starting the dialysis treatment (incident patients) but is also seen in patients treated for months or years with dialysis (prevalent patients). The frequency of IDH has been reported to be around 10% of the HD patients. Analyzing a cohort of HD patients for 2 weeks, Amerling et al. [5] found IDH in 8%. In the experience of Dorhout Mees [6] , the phenomenon happens in 5-15% of the patients. Very recently, it was found in 12.2% of a large cohort of patients [7] .
The patient survival is influenced by IDH. Zager et al. [8] have reported an increased risk of death when postdialysis systolic and diastolic BP were over 180 and 90 mm Hg (RR = 1.96 and 1.73), respectively. An increased risk of hospitalization and death has been found by Inrig et al. [9] in patients with a 10-mm Hg BP rise during the dialysis session.
By extension, it may also apply to patients with heart failure, with the usual low BP in this setting, with BP increasing during the session. Usually, these patients will not reach hypertension levels but the BP rise significance may be the same as in patients with intact cardiac function. This has been very recently confirmed by Inrig et al. [7] who found an increased risk of death only in patients with an intradialytic 10-mm Hg BP rise and a predialysis systolic BP ^ 120 mm Hg.
Biochemical, Hormonal and Autonomic Nervous System Status Associated with IDH
Among the hypotheses to explain IDH, the most popular are the stimulation of the renin-angiotensin system by UF-induced hypovolemia, the overactivation of the sympathetic system, and the ionic variations, mainly involving potassium and calcium. These different assumptions have been tested in the study by Chou et al. [4] . These authors have analyzed the biochemical and hormonal status in 30 HD patients presenting with IDH (the IDH group) at the onset and at the end of the dialysis session compared with 30 HD patients without IDH (the control group). Antihypertensive medications were stopped for at least 2 weeks. No significant differences were present between groups except for the MAP level, which was higher in the IDH group. The results are summarized in table 3 . During the session, the plasma renin and norepinephrine increased in the control group but not in the IDH group. The power spectral analysis of the heart rate variability from intradialytic Holter electrocardiogram recording did not find changes in the autonomic nervous system functioning in the hypertensionprone patients. No significant differences between the 2 groups were found in the potassium and calcium variations. Whereas the drop in nitric oxide (NO) was comparable in the 2 groups, the IDH group experienced a significant increase in plasma endothelin, which did not change in the control group. It confirms the previous finding by Raj et al. [10] who reported an increased plasma endothelin level in IDH patients. Going back to table 1 , these findings by Chou et al. [4] deeply challenge the hypotheses 1, 2, and 3. The absence of a plasma renin increase, whereas renin significantly rises in the control patients, contradicts the efficiency of captopril in preventing the BP rise during the dialysis session as reported by Bazzato et al. [11] . However, the captopril effect may be nonspecific due to its vasodilating properties, as Chou et al. [4] found an increase in peripheral vascular resistance in IDH patients. The absence of evidence of an increased sympathetic activity in this study remains to be confirmed by other methods exploring the sympathetic system. Furthermore, it is not very surprising that ionic variations were not found to be associated with IDH because they are often nonspecific and similar in the great majority of dialysis patients without IDH. The study by Chou et al. [4] thus strengthens the endothelin hypothesis (hypothesis 7 in table 1 ). However, this study is the only one which has extensively explored both biochemical and autonomic nervous function status in IDH patients. Complementary studies are needed to confirm its data.
The Preeminent Lead of Sodium and Fluid Excess as the Cause of IDH (the Izmir Lesson)
Our former and senior colleagues in Tassin, Guy Laurent and Bernard Charra, advised us empirically when facing IDH in one of our patients to decrease the dry weight. Two uncontrolled studies from Izmir, Turkey, have confirmed that this decision is appropriate. In the first study reported by Cirit et al. [3] , 7 hypertensive patients presented with a BP increase from 172/99 mm Hg at the start of the dialysis session to 204/114 mm Hg at the end of the session. Only 3 of these patients had pedal edema. Tapering antihypertensive medications and decreasing the postdialysis body weight was applied in all the patients. In 9 8 3 days and a body weight decrease of 6.7 kg (11% of the body weight), the predialysis BP normalized to a mean of 126/78 mm Hg with disappearance of the intradialytic increases of BP. The second study by Gunal et al. [12] reports echocardiography data in 6 patients with intradialytic BP increase. What is very original in this report is that as long as the systolic BP remained increased by 10 mm Hg over the initial value, the time and UF rate are prolonged until the BP is normalized. Hence, the mean arterial pressure at the start of dialysis was 107 8 5 mm Hg, reaching 118 8 6 mm Hg, with an average weight loss of 2.52 8 1.70 kg at the zenith of BP increase. After BP normalization using a prolonged session time and UF rate, the session time varied between 4 and 7 h, the mean arterial pressure was 90 8 2 mm Hg and the weight loss was 4.13 8 1.62 kg. At the same time, the cardiac index and the ejection fraction increased significantly between the start of the session and the BP zenith and then decreased at the end of the session. This can be interpreted as the progressive and beneficial move of cardiac function along the Starling curve under the effect of UF ( fig. 1 ). From these observations, even in the absence of control groups, it can be stated that IDH is associated with extracellular fluid excess and that a postdialysis- Hemodynamic changes during the dialysis session in the study by Gunal et al. [12] . During the session the cardiac function improves with progressive moving from the right to the left side of the curve under the effect of prolonged UF, the BP being the highest at the zenith of the Starling curve. MAP = Mean arterial pressure; HR = heart rate.
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Nephron Clin Pract 2010;115:c182-c188 c185 body weight decrease is able to correct the intradialytic BP rise. As in the report by Cirit et al. [3] , Gunal et al. [12] mentioned in their study that only 1 patient presented with pedal edema. This point is very important. It underlines that fluid excess may be significantly present although the clinical examination does not show obvious fluid overload. These data confirm the hypotheses 5 and 6 in table 1 , upholding fluid overload and hemodynamic changes as the main triggers for IDH during HD.
This conclusion is indirectly corroborated in the study by Chou et al. [4] . These authors display the hematocrit evolution in 2 groups ( fig. 2 ) . The progressive UF-induced rise of hematocrit because of the hemoconcentration is significantly lower in the IDH group. This may be interpreted as a greater refilling from the interstitial space in fluid-overloaded patients. It contradicts the mechanism proposed by Levin [1] , in which an increased blood viscosity during the session would favor increased peripheral resistances and increased BP. It is stated in his report that IDH is more frequent since the erythropoietin era and higher predialysis hematocrit levels. However, it is difficult to confirm this statement from the literature. Hence, the hypothesis 4 in table 1 is not supported by the findings in the study by Chou et al. [4] . Nevertheless, it is necessary to be cautious before crossing out erythropoietin responsibility in IDH, because it is known that erythropoietin triggers endothelin synthesis [13] .
A positive sodium balance is the main mechanism of extracellular fluid overload and hypertension in dialysis patients [14, 15] . Sodium appears then as the culprit for IDH. In HD patients, the sodium balance becomes positive when dietary sodium intake exceeds sodium removal during dialysis and a low sodium diet should be advised in most dialysis patients [16] . The sodium balance may also become positive when the patient presents progressive fat and lean body mass loss without dry weight prescription adjustment. Although a high sodium concentration in dialysate has been used to improve dialysis tolerance, it increases sodium diffusion and exposes the patient to a high intradialytic sodium load [17] [18] [19] . The responsibility or mechanism of a positive dialysate-plasma sodium gradient in IDH is unknown [2] . Oberleithner et al. [20] demonstrated a dramatic and rapid stiffening effect of cultured endothelial cells in a high sodium concentration medium that was associated with NO synthesis down-regulation. A positive and large sodium gradient between the dialysate and the plasma as a hypothesis for IDH appears attractive and corroborates the findings by Chou et al. [4] on endothelium metabolism. However, these last authors provided the sodium dialysate concentration at 140 mmol/l but did not report the average plasma sodium or the potential dialysate-plasma sodium gradient in the hypertension-prone and control patients. Moreover, Oberleithner et al. [20] did not report the effects of sodium on the endothelin release; in the study by Chou et al. [4] , the NO decrease during the dialysis treatment was not different between IDH-prone and control subjects. Song et al. [21] have studied patients' BP during a sodium positive-balance intradialytic sodium profiling. They did not find a significant BP increase during the dialysis session. However, the studied patients were hypotension-prone and therefore might not reflect the usual patients displaying IDH. van Kuijk et al. [22] did not find significant hemodynamic changes in 9 patients studied in a cross-over trial during combined HD and sustained UF with the sodium dialysate concentration at 134 and 144 mmol/l. But in this report, the patients were studied only for 2 h, a shorter period than the conventional HD treatment during which IDH occurs. Hence, no direct relationship between a potential intradialytic sodium load and IDH is established.
Is there a link between the sodium/fluid overload and the endothelin hypothesis reported by both Raj et al. [10] and Chou et al. [4] ? Similar to the Oberleithner et al. [20] findings in vitro, Osanai et al. [23] showed in vivo that a large salt intake in dialysis patients modified the endothelium metabolism with a decreased NO and an increased asymmetrical dimethylarginine (ADMA) production. In the same way, shear stress forces applied on the endothelium had the same effect on NO and ADMA synthesis [24] . Unfortunately, endothelin was not studied in these reports. It can be hypothesized that in patients with significant fluid overload, the large refilling from interstitial space, as demonstrated in figure 1 , may trigger endothelin synthesis and an increase in peripheral resistance. This phenomenon in combination with the improvement in cardiac function as reported by Gunal et al. [12] can explain the IDH phenomenon. It is true that in this last report no significant increase in peripheral resistance was found in the studied patients, however, most of them were under angiotensin-converting enzyme inhibitors (ACEi) or angiotensin-receptor blocker (ARB) medications during the study.
Antihypertensive Medication Removal during the Dialysis Procedure
Pharmacokinetic characteristics are specific for each medication. Antihypertensive drug removal was reviewed by Chen et al. [2] . However, the specific effect of drug removal on the occurrence of IDH was not been specifically studied. There remains only one hypothesis (point 8 in table 1 ). ARBs and calcium channel blockers are not removed by dialysis. Several ACEi (captopril, enalapril, lisinopril, perindopril, ramipril) and ␤ -blockers (atenolol, metoprolol, nadolol) are significantly removed by dialysis, whereas others are not (fosinopril, propranolol, pindolol, esmolol, bisoprolol, carvedilol, acebutalol). Among sympatholytics, clonidine is not cleared by dialysis, whereas ␣ -methyl-dopa is. Vasodilating agents are usually removed (minoxidil, diazoxide, nitroprusside), except for hydralazine and prazosin. The real use of this hypothesis is currently difficult to assess. It should be discussed if necessary when the other confirmed hypotheses have been treated.
Treatment of IDH
Management of IDH is summarized in figure 3 . According to the Izmir reports [3, 12] , it is clear that the firstline treatment of IDH is fluid removal. In these 2 studies, the amount of removed fluid was equivalent to 7.5-11% of the body weight in days or weeks. However, it must be done with caution to avoid hazardous BP drops that may occur in elderly or patients with severe comorbidity. Longer or more frequent dialysis may be necessary to avoid the UF side effects or hasten the amelioration of this complication. More complicated, however, is the therapeutic decision when a patient is at the end or even off dialysis with a high BP level, and sometimes with an important hypertension crisis. Theoretically, prolonging the dialysis session and the UF rate would be efficient, but this decision faces many difficulties such as patient refusal or the unit organization constraints. Empirically, these hypertensive crises are not persistent and usually the BP level quickly decreases spontaneously. But it is always difficult to discharge a patient with severe hypertension. Levin [1] indicates that calcium channel blockers are appropriate in this situation. However, the safety of these drugs in this particular situation has not been studied.
Conclusions
IDH is an unusual expression of extracellular fluid overload. It is found in 10% of HD patients. Its mechanism involves cardiac function improvement with UF and increased endothelin production. It is efficiently corrected by fluid removal. Confirmation of previous studies is necessary and unanswered questions remain. The relationship between fluid overload and endothelin production should be studied. We need to know if fluid removal improves cardiac function in heart failure dialysis patients presenting with intradialytic BP rise. It will be of great interest to study fluid excess in the IDH situation with bioimpedance techniques that might be helpful for the treatment as well as markers like brain natriuretic peptide during fluid removal in both hypertensive and heart failure patients with an intradialytic BP increase. We also need to study the spontaneous BP decrease after the end of the dialysis session as well as the need and safety for treatment of hypertension crisis in this setting. Improving our knowledge of this complication will contribute to decreasing the high burden of cardiovascular complications occurring in dialysis patients.
